rhodopsins were used as the outgroup, the rooted phylogenetic tree of 26 vertebrate visual pigments ( VPs) was constructed.
Introduction
The blue, green, and red visual pigments (VPs) in human cones absorb light maximally at -420 nm (short wavelength sensitive; SWS), -530 nm (medium wavelength sensitive; MWS), and -560 nm (long wavelength sensitive; LWS), respectively.
These three visual pigments are sufficient to see the entire range of visible colors. A fourth type of VP, rhodopsin ( RH ) , in human rods is maximally sensitive to light of 500 nm and mediates vision in dim light (for reviews, see Nathans 1987; Nathans et al. 1992) .
The genes that encode these VPs exist over a wide range of species. For example, when a bovine rhodopsin complementary DNA was used as a probe, the homologous DNA segments have been detected in vertebrates as well as in invertebrates (Martin et al. 1986 ). The ancestors of the RH, SWS, and LWS or MWS (LWS/ MWS) VP genes in humans seem to have coexisted in the very early stage of vertebrate evolution (e.g., see Yokoyama and Yokoyama 1989) . Thus, it seems reasonable to assume that the genes encoding RH, SWS, and LWS/ MWS VPs in different vertebrate species each descended independently from different ancestral VPs, forming three monophyletic groups.
However, this assertion turns out to be erroneous. Statistical analyses of the amino acid sequences of the VPs from fish Astyanax fasciatus Yokoyama 1990a, 1990b) , chicken , gecko , and goldfish (Johnson et al. 1993 ) indicate that several gene duplication events have been involved during the evolution of vertebrate VP genes. For example, the LWS/MWS VPs can be distinguished into two evolutionarily distinct groups. The first group consists of MWS VPs from A. fasciatus, human, and gecko and LWS VPs from A. fasciatus, goldfish, human, and chicken; whereas the second group consists of MWS VPs from goldfish and chicken (Johnson et al. 1993 ; also see Okano et al. 1992 ). Furthermore, even the genes encoding the first group of VPs seem to be paralogous in their origin (Yokoyama et al. 1993 ). Thus, the evolutionary processes of the VPs are more complicated and dynamic than previously thought.
Material and Methods

Amino Acid Sequence Data
In the present paper, I shall evaluate the evolution of SWS VPs and their phylogenetic relationships to other VPs, including a novel VP from A. fasciatus (R. Yokoyama and S. Yokoyama, unpublished data) . Statistical analysis strongly suggests that the SWS VPs in vertebrates can be distinguished into three groups and involve at least three gene duplication events.
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In the present study, 32 VPs were used: 26 VPs from vertebrates and 6 from invertebrates (table 1) . Hisatomi et al. 199 1 Archer et al. 1992 Johnson et al. 1993 Knox et al. 1993 Takao et al. 1988 Nathans and Hogness 1984 Nathans and Hogness 1983 Baehr et al. 1988 Gale et al. 1992 Johnson et al. 1993 Kojima et al. 1992 Okano et al. 1992 Nathans et al. 1986 R. Yokoyama and S. Yokoyama, unpublished data Okano et al. 1992 Johnson et al. 1993 Johnson et al. 1993 Okano et al. 1992 Wang et al. 1992 Yokoyama and Yokoyama 1990a
Lamptera japonica
RHLj
Pomatoschistus minutus
RHP,
Carassius auratus
R&a
Xenopus laevis
RHXI
Gallus gallus
RHG,
Homo sapiens
R&s
Bos tauras
RHB~
Mus musculus
RHM,
Cricetulus griseus
R&g
Yokoyama and Yokoyama 1990b
Kojima et al. 1992 Nathans et al. 1986 Yokoyama and Yokoyama 1990a; Yokoyama et al. 1993 Johnson et al. 1993 Tokunaga et al. 1990 Kuwata et al. 1990 Nathans et al. 1986 O'Tousa et al. 1985 Zuker et al. 1985 Cowman et al. 1986 Zuker et al. 1987 Monte11 et al. 1987 Ovchinnikov et al. 1988 G age, GlOlAf, G103Af, GogeT and Gns), and four (ROO7Af, Rc,, Rcg, and Rns) VPs belong to RH, SWS, MWS, and LWS groups, respectively (table 1) . The amino acid sequences of these VPs were initially aligned by using a multiple alignment program in CLUSTAL V (Higgins et al. 1992 ) and adjusted further visually to increase their similarity ( fig. 1 ). In figure 1, seven transmembrane regions (Hargrave et al. 1983) have been indicated by underlines.
Construction of Phylogenetic Trees
To construct a rooted phylogenetic tree for the vertebrate VPs, invertebrate RHs (RH In,,, , RIYI~~,,
RH~D,, RH~D,,
RHPd, and RHLf ) were used as the outgroup (see table 1 ) . The number ( K1 ) of amino acid replacements per site for two polypeptides was estimated by K1 = -ln( 1 -p), where p is the proportion of different amino acids between the two sequences. Topology and branch lengths of phylogenetic trees were evaluated by using the neighbor-joining (NJ) method (Saitou and Nei 1987) , based on the Poisson-corrected KI values. Bootstrap supports for branches of the NJ tree for the amino acid replacements were estimated by bootstrap analysis with 1,000 replications (CLUSTAL V; Higgins et al. 1992) .
Results and Discussion
A Phylogenetic Tree
The rooted phylogenetic tree for the vertebrate VPs is shown in figure 2 . Figure 2 suggests that the vertebrate . . G 10 1 Af, and G103Af (LWS/MWS cluster). Furthermore, the SWS cluster may be distinguished into two groups: ( 1) Vog and Bns (SWS-I group) and (2) AF23, Bc,, and Bog (SWS-II group). It should be noted that the RH2 group contains one SWS VP ( Boge) and three MWS VPs (GGg, Glc,, and G2&. Thus, the SWS cluster does not contain all SWS VPs. Similarly, the LWS/ MWS cluster does not include all LWS/MWS VPs. The bootstrap supports of forming RH 1 and LWS/ MWS clusters are both 1 .O and are highly reliable ( fig.  2) . However, those of RH2 and SWS clusterings are 0.90 and 0.57, respectively.
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Since the bootstrap support of forming of SWS cluster is very small and since the LWS/MWS cluster is clearly established, the NJ method was also applied to the VPs of RHl, RH2, SWS clusters, and the invertebrate VPs. The tree topology for the three clusters of VPs was identical to that in figure 2 ( result not shown ) , where the support values of forming of RH2 and SWS clusters were 0.89 and 0.9 1, respectively. Thus, the support of SWS clustering becomes much higher when the LWS/MWS cluster is excluded from the analysis. The rooted tree based on the K, values is useful in evaluating the bootstrap supports of different clusters of VPs. However, branch lengths estimated by using a Poisson correction may not be accurate when the p values (the proportion of different amino acids per site) are larger than 0.5 (Kimura 1983, p. 75) . For pairwise comparisons of the 32 VPs, the p values often become very large. In fact, when the invertebrate VPs are compared with the vertebrate VPs, the p values are 0.7-0.8.
When LWS/MWS
cluster is compared to RHl, RH2, and SWS clusters, the p values are 0.5-0.6. Thus, the number of amino acid replacements per site may be better estimated by using a formula K2 = -ln( 1 -p -p2/5) rather than K, (Kimura 1983) . The rooted NJ tree based on the K2 values is shown in figure 3 , where bootstrap support values could not be evaluated by using the bootstrap program in CLUSTAL V.
The tree topology of figure 3 is identical to that of figure 2. The major difference between the NJ trees based on the K1 values ( fig. 2) and the K2 values (fig. 3) is that the lengths of branches A-B, A-C, C-D, and branches from D to Vog and Bus (see fig. 3 ) are much longer than those of the corresponding branches in figure 2 . Furthermore, the differences in branch lengths leading to different VPs are more pronounced in figure 3 than in figure 2. It should be pointed out that the length of branch C-D ( fig. 3 ) is 0.10 compared with 0.04 for the corresponding branch in figure 2 . Thus, the formation of the SWS cluster becomes more probable than figure 2 indicates.
By using invertebrate VPs as the outgroup, Okano et al. ( 1992) constructed a rooted NJ tree based on the K1 values for the 13 vertebrate VPs ( RH,j , RHdg , RHus, fig. 5 ) differs from those in figures 2 and 3 in one aspect. That is, the M 1 cluster, consisting of only Bog, is more closely related to the Rh and M2 clusters than to the S cluster, suggesting polyphyletic origin of the SWS cluster. When the NJ method was applied to the K1 values for the 13 vertebrate VPs and 6 invertebrate VPs in figure 1 , the same conclusion can be reached. Therefore, the difference between the present result and that of Okano et al. ( 1992) is simply because Okano et al. used a smaller number of VPs. This observation is consistent with the assertion that the SWS cluster is monophyletic.
According to Okano et al. ( 1992) , the RHl cluster diverged from the RH2 cluster after the divergence of the ancestral VP into the LWS/MWS, SWS, and RH2 clusters. They also claim that rod and cone VPs diverged at branch point E in figure 3 . Because of these observations, they suggested that the vertebrate rhodopsin evolved from the cone VP (also see Kojima et al. 1992) . However, the present phylogenetic analysis, as well as that of Okano et al. ( 1992) , does not prove either that the RH 1 cluster was derived from RH2 cluster or that branch point E is the point of divergence between rod and cone VPs. In fact, figures 2 and 3 (and fig. 5 in Okano et al. [ 19921) can also be interpreted as indicating that LWS/MWS, SWS, and RH2 clusters descended from RH 1 cluster at different times. Figures 2 and 3 clearly show that gene duplications occurred at branch points A, B, C, D, and E (see fig. 3 ). For the LWS/MWS cluster, Yokoyama et al. ( 1993) suggested that virtually all vertebrates initially had two duplicate genes (branch point B in fig. 3 ) and that each cluster of Astyanax, human, and chicken experienced additional independent gene duplications during the process of developing their red-green color vision. Clearly, the tree topology for LWS/MWS cluster does not agree with the organismal (or species) tree, whereas the tree topology for RH 1 cluster is consistent with the species tree.
The RH2 cluster is a mixture of VPs with different functions. Boge has an absorption maximum of 467 nm ) GGg has an absorption maximum at 508 nm without the presence of the green oil droplet , and green sensitivity has been achieved by the presence of the oil droplet (Bowmaker and Knowles 1977) . G lea and G2ca absorb, respectively, at 5 11 and 505 nm with 1 I-c&retinal, but Johnson et al. ( 1993) suspect that goldfish use these rhodopsin homologues under conditions of 11 -cis-3-dehydroretinal acclimation to detect green light. As already noted, BGge is also an SWS VP, but it has a different origin than those in the SWS cluster.
Branch Lengths of the Evolutionary Tree
Lengths from certain branch points to different VPs are compared by taking a series of averages (table 2) . The large-sample
, where p is the proportion of different amino acids per site and n is the number of amino acids involved.
In table 2, standard errors were computed from [ V( K2)] ", where p = ( -5 +[25+20( l-exp(-K2))]"*)/2 and n = 342. Table 2 shows that the difference between branches for RH 1 and RH2 clusters is not statistically significant. The branch leading from A to the SWS cluster is significantly longer than that from A to the LWS/MWS cluster. Branch C-SWS cluster is also significantly longer than the C-RH 1 cluster and the C-RH2 cluster. Within the SWS cluster, the branch leading to the SWS-I group tVGg and Bus) is significantly longer than that to the SWS-II group (AF23, Bc,, and Bog). Thus, the SWS cluster seems to have the longest branch length among the four clusters of VPs. In particular, the SWS-I group evolved with the fastest rate, whereas the RH2 cluster evolved with the slowest rate (also see fig. 3 ).
It should be pointed out that when the K1 values (see fig. 2 ) were considered, none of these differences was statistically significant. In that analysis, standard errors were calculated by a different approximate formula, (pl[n( 1-14)"~ where p = 1 -exp(-K1) and n = 342. * Difference in branch lengths is significant at the 5% level. ** Difference in branch lengths is significant at the 1% level.
Unique Amino Acid Replacements in SWS VPs
Following the residue numbers in figure 1 , unique amino acid replacements in four SWS VPs are shown in table 3. The unique replacement shows that an amino acid replacement occurred because of a single amino acid change, and all of the remaining SWS and other VPs in vertebrates retain the ancestral amino acid. Table  3 shows that Bog contains two amino acid replacements, whereas VGg contains three amino acid replacements. It is interesting that the common ancestor of the SWS-I group (denoted as "Vog/ Bus") contains three amino acid replacements-L-G (155), G-V (187), and W-+Y ( 3 11 )-all of which are in transmembrane (TM) regions (table 3) . Furthermore, changes G-A ( 144) and S-Y (234) in Vog are only one residue away from TM3 and TM5, respectively ( fig. 1) . Similarly, K-R (93) in Vog and E-D (293) in Bog are only five and six sites, respectively, away from the closest TM regions (also see fig. 1 ). Since many residues in TM regions are known to be important in absorption of a certain wavelength, these changes might have been important in the functional differentiation of the ancestral protein of Vog and Bns (SWS-I group) from that of AF23, Bca, and BGg (SWS-II group).
We have divided AF23, Bc,, Bog, Vog, and Bns into two subgroups. The subdivision may make sense because Vog and Bus have absorption maxima of 415 nm ) and 424 nm (Oprian et al. 199 1)) respectively, whereas Bca and Bog have maxima of 441 nm (Johnson et al. 1993 ) and 455 nm ), respectively. Note that the former group shows much lower levels of absorption maxima than the It is now possible to test such hypotheses of adaptive evolution by using site-directed mutagenesis at specific residues, expressing them in cultured cells and measuring their absorption spectra (e.g., see Nathans 1992a, 1992b) . To understand the evolution of SWS VPs, amino acid changes described in table 3 will be a valuable source for such analyses.
